Abstract -High-performance integrated tin monoxide bottom-gate staggered p-channel thin-film transistors (TFTs) are realized and reported. The active layer has been formed by thermal vacuum evaporation and rapid thermal annealing under a continuous nitrogen flow, resulting in field-effect mobilities up to 1.6 cm 2 /(V · s) and contact resistances of around 148 · cm. The integration of these TFTs in elementary building blocks for digital circuit applications such as inverters and ring-oscillators is demonstrated, resulting in stage delays down to 300 ns. Furthermore, a unipolar p-type-only 8-bit radio frequency identification code generator is realized, achieving 12.2 kb/s and comprising 294 tin monoxide TFTs.
Despite this impressive progress in complex thin-film circuits, the reported p-type organic semiconductors limit the performance of the future complementary circuits as highelectron mobility oxides, like sputtered a-IGZO and recently also solution-based oxides [12] , [16] [17] [18] [19] [20] , outperform regular organic field-effect hole mobilities. Moreover, organic thinfilm transistor (TFT) fabrication is based on sensitive and often irreproducible processing steps such as integrated shadow masks and surface treatments based on self-assembled monolayers [10] , [11] . From a commercialization point of view, simpler and more robust manufacturing flows are preferred. In addition, the upcoming interest of complementary n-and p-channel TFTs in the back end of line process on Cu interconnects [21] requires a wide processing window and stable devices. From these perspectives, a fully metal-oxide complementary technology is recommendable, and hence the availability of high-performance p-channel metal-oxide TFTs is the key.
At present, sputtered tin monoxide (SnO) shows the most promise for the active layer [19] , [22] [23] [24] [25] [26] with reported field-effect hole mobilities as high as 4.6 cm 2 /(V · s) by Martins et al. [27] and Fortunato and Martins [28] for discrete devices and after postannealing at only 200°C. In 2010, Lee et al. [29] reported thermal vacuum evaporated p-type SnO thin films, postannealed at 300°C, and the Hall mobilities of 2.83 cm 2 /(V · s). However, rather poor device performances were reported with a field-effect hole mobility of only 4 × 10 −5 cm 2 /(V · s).
In this paper, thermal vacuum evaporation is further explored for high-performance p-channel tin monoxide TFTs and digital circuit applications. We report unipolar 19-stage ring-oscillators [30] with stage delays in the same range as reported for n-type a-IGZO [1] , [31] , and more advanced circuits such as 8-bit unipolar RFID transponder chips.
II. EXPERIMENT
Staggered bottom-gate p-channel TFTs were fabricated using a 100 nm thick and patterned layer of Al 2 O 3 , grown by atomic layer deposition, acting as the gate insulator with a specific capacitance (C ins ) of 70 nF/cm 2 . Next, a 20-nmthick active layer was deposited by thermal vacuum evaporation using Sn(II)O powder (97% purity), purchased from Sigma-Aldrich, as the source material. The evaporation was performed at a deposition rate of 0.1 nm/s at a base pressure of approximately 1.5 × 10 −6 torr. The Si/SiO 2 substrate was 0018-9383 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. kept at room temperature during deposition. Afterward, the coated substrate was postannealed in a rapid thermal annealing oven under a continuous nitrogen flow for 30 min at 350°C. The active layer was subsequently patterned by wet etching in an aqueous oxalic acid solution. The source and drain (S/D) electrodes were realized by a photolithographic lift-off process after thermally evaporating 30 nm of Au. The final bottomgate top-contact device architecture is depicted in Fig. 1 . The crystal structure of the obtained films was studied by a grazing incidence X-ray diffraction (GIXRD) analysis. Peak identification was possible by the use of known standards in the Joint Committee on Powder Diffraction Standards files, according to the International Centre for Diffraction Data.
The electrical characteristics of the TFTs and inverters were measured with an HP 4156 parameter analyzer. The output characteristics of the ring-oscillators and RFID transponder chip were studied using an oscilloscope and an active highimpedance probe (PicoProbe 12C). All measurements were performed at room temperature and under dark conditions.
III. RESULTS AND DISCUSSION
A. Nonstoichiometric SnO x Thin Films In contrast to typical organic p-type semiconductors, the tin monoxide sustains photolithographic processes and standard processing chemicals such as solvents and resist developers.
2) Contact and Channel Resistance: In these SnO x TFTs, Au has been utilized to inject holes into the active layer. In a-Si:H and organic-based TFTs, the contact resistance (R C ) is known to be a bottleneck factor, responsible for limiting the transconductance and hence the channel mobility. Particularly in short-channel length devices, as often required for fast digital circuitry, contact resistance effects might dominate.
The contact resistance, R C = R S + R D , with R S and R D , respectively, the S/D resistances, and channel resistance (R Ch ) were extracted from the transfer length method (TLM). The utilized TLM structure contained nine TFTs with a fixed W of 1000 μm and a varying L ranging from 2 to 100 μm. The extracted width normalized contact resistance (R C W ) values versus V GS are shown in Fig. 5(a) . For a V GS of −10 V and a V DS of −1 V (linear regime), a R C W of around 148±17 ·cm is obtained. The extracted width normalized channel resistance (R Ch W ) values versus L are depicted in Fig. 5(b) at a V GS of −10 V. Extrapolation of the two resistance contributions results in a crossover from channel-limited to contact-limited transport at around 2 μm, which is far lower than typical values for organic-based top-contact TFTs [32] , [33] . Hence, Au is considered as a good ohmic contact for SnO x .
C. Unipolar p-Type-Only Digital Logic 1) Design Topologies: All logic gates were designed in two different single-V th unipolar p-type-only design topologies that are the diode-load and zero-V GS -load configurations. The corresponding schematic inverter configurations are depicted in the insets of Figs. 6 and 7. In the diode-load inverter, the gate and drain of the load p-channel TFT were connected, whereas in the zero-V GS -load inverter, the gate and source of the load p-channel TFT are connected. The zero-V GS -load inverter can only operate properly when the load TFT works in depletion mode, hence providing sufficient current at zerogate bias. The latter is true for our SnO x TFTs, as shown in Fig. 3 . We have chosen W /L dimensions for the drive transistor to be 10 times larger (i.e., 1400 μm/5 μm) and 10 times smaller (i.e., 140 μm/5 μm) than the load transistor in case of, respectively, the diode-load and zero-V GS -load design. By integrating an odd number of inverters in series, ringoscillators are obtained. The realization of ring-oscillators is of crucial importance in the development of any technology because their oscillation frequency provides a reliable estimate of the speed of the logic gates that can be made in that technology.
2) Inverters: The measured voltage transfer curves for both topologies are shown in, respectively, Figs. 6 and 7 for various supply voltages in the range of 2.5-10 V.
The zero-V GS -load inverters show high-gain values of around 15, resulting in a relatively large noise margin of 1.2 V for a supply voltage of 5 V, i.e., 48% of its theoretical maximum (V DD /2). However, in case of the diode-load topology, the noise margin is only 0.1 V, or 4% of V DD /2.
Consequently, the former is more stable and suited for the realization of large digital circuitry like an RFID transponder chip.
3) 19-Stage Ring-Oscillators: The dynamic performance of the inverter gates was investigated by measuring the speed of 19-stage ring-oscillators. Figs. 8 and 9 show the stage delay versus supply voltage of ring-oscillators realized in both topologies and for different channel length designs 
D. Unipolar p-Type-Only 8-Bit RFID Transponder Chip
In order to validate the potential of the SnO x technology, the aforementioned 19-stage zero-V GS -load ring-oscillators were used as the clock signal in 8-bit RFID code generators, driving a 3-bit counter, to read out the hard-wired 8-bit memory ("01010011") and an output register to ensure a stable output [6] . The design employs 294 p-channel TFTs and operates correctly at supply voltages of 10 V and more, as depicted in Fig. 10 . The inset shows the output signal at a supply voltage of 20 V, resulting in a data rate as high as 12.2 kb/s. 
IV. CONCLUSION
In this paper, we have shown that high-performance p-channel tin monoxide TFTs can be obtained by thermal vacuum evaporation, starting from Sn(II)O powder and after rapid thermal annealing at 350°C under a continuous nitrogen flow. The active layers consisted of polycrystalline and nonstoichiometric SnO x with the presence of different phases such as SnO, SnO 2 , and Sn. A predominantly p-type SnO film yielded transistor mobilities up to 1.6 cm 2 /(V·s) after being integrated in a scalable bottom-gate top-contact device architecture and being exposed to photolithographic processes.
In addition, a width normalized contact resistance (R C W ) of around 148 · cm has been obtained with Au top-contacts, resulting in a cross over from channel-limited to contactlimited transport at around 2 μm, which is far lower than typical values for organic-based top-contact TFTs.
Elementary building blocks for digital circuits like unipolar p-type-only inverters and 19-stage ring-oscillators have been demonstrated successfully resulting in stage delays as low as 300 ns which lies in the same range as reported for n-type a-IGZO.
Finally, the potential of the SnO x technology has been demonstrated by realizing an 8-bit RFID code generator comprising 294 p-channel TFTs, achieving data rates up to 12.2 kb/s. Her current research interests include investigating the structureproperty relationships in organic thin films for optimizing device performance.
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